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Zwitterionic structures consist of a pair of 
cationic and anionic components linked 
covalently in the same molecule; they are free 
from dissociative migration under an electrical 
potential gradient or association of ion pairs 
driven by the addition of other ions.1-3 In 
particular, polymers with zwitterionic moieties 
have attracted considerable attention across a 
wide range of applications in fields as varied as 
antibacterial agents, flame-resistant materials, 
lubricating oil additives, emulsifiers, anti-freeze 
agents, and organic electronic materials.4-6 
Another potential use for zwitterionic polymers 
is their applicability as ion conducting materials, 
which are crucial for the construction of 
batteries.  
To date, most of the zwitterionic polymers 
reported contain betaine forms, consisting of 
ammonium as the cationic component and 
carboxylate or sulfonate as the anionic 
component. For example, polyadditions of 
bifunctional N-heterocyclic carbenes with 
diisothiocyanate or dicarbodiimide have been 
used as a facile method for synthesizing 
polymers bearing zwitterionic moieties.7,8 In 
these polyadditions, N-heterocyclic carbene and 
isothiocyanate act as the nucleophile and 
electrophile, respectively. The reversible nature 
of the polyaddition enables the obtained 
polymers to find potential applications as 
degradable and self-healable materials. 
So far, we have focused on the high 
nucleophilicity of cyclic amidines, ensuring 
efficient reactions with CO2 to give the 
corresponding adducts bearing a zwitterionic 
structure.9-14 Recently, the scope of using cyclic 
amidines has expanded to the reactions of 
cyclic amidines with other heterocumulenes, 
arriving at a highly efficient reaction of cyclic 
amidine with isothiocyanate in a 1:1 molar 
ratio.15 The reaction proceeds under ambient 
conditions unaided by any catalyst, to afford 
the corresponding zwitterionic adduct almost 
quantitatively. Based on this finding, 
zwitterionic adduct 2 bearing a radically 
polymerizable styrene moiety was prepared by 
the addition reaction of cyclic amidine 1 with 4-
vinylphenyl isothiocyanate (VPI). The radical 
polymerization of 2 gave the corresponding 
polystyrene derivative 3, containing the side 
chain functionalized with the zwitterionic 
structure. The strong electrostatic interactions 
between the side chains enabled the physical 
crosslinking of the polymer, enhancing its 
thermal stability and solvent resistance. 
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Here, we report another mode of application 
for the addition reaction of cyclic amidine and 
isothiocyanate to the construction of polymers 
with zwitterionic moieties, i.e., polyaddition of a 
bifunctional cyclic amidine monomer and 
diisothiocyanate (Scheme 1). The thermal 
properties and ionic conductivity of the 
resulting polymer were investigated. 
 
Scheme 1. Synthesis of polymers with 
zwitterionic structures 
Scheme 2 shows the synthesis of bifunctional 
amidine BMTHP used as the monomer in this 
work. In the first step, 1,4-
bis(chloromethyl)benzene was treated with an 
excess amount of 1,3-diaminopropane to 
synthesize the corresponding tetraamine, the 
precursor of BMTHP. This tetraamine was 
condensed with N,N-dimethylformamide 
dimethyl acetal to afford BMTHP. The overall 
yield was 56%. 
P o l y a d d i t i o n  o f  B M T H P  w i t h  1 , 1 ’ -
methylenebis(4-isothiocyanatobenzene) (MBIT) 
was performed (Scheme 3) and the results are  
 
Scheme 2. Synthesis of bifunctional amidine 
BMTHP 
summarized in Table 1. Upon mixing the 
monomers in dichloromethane for several 
minutes at ambient temperature, the resulting 
polymer precipitated from the solution (entry 
1). Even when DMF was used as a solvent, the 
polymer precipitated from the solution (entry 
2). The resulting polymer was collected by 
filtration and washed with acetonitrile. 
Polymer 4, bearing zwitterionic moieties in the 
main chain was insoluble in a wide range of 
organic solvents such as dichloromethane, 
chloroform, toluene, tetrahydrofuran, ethyl 
acetate and highly polar solvents such as DMF 
and DMSO. This insoluble nature of the polymer 
arises from the strong electrostatic interactions 
between the zwitterions in the main chain, 
similarly to that observed for the polymers 
having zwitterions in the side chain.15 FT-IR 
analysis of the obtained polymer indicated an 
absorption band at around 2100 cm-1, 
suggesting the presence of residual 
isothiocyanate moieties at the chain termini of 
the polymer (FIGURE S1 in Supporting 
Information).  
When the polymerization was performed in the 
presence of lithium chloride (entry 3), the 
resulting polymer did not precipitate out from 
the solution, presumably because of the effects 
of lithium and chloride ions which interfere with 
the electrostatic interactions between the 
zwitterions. However, after washing with 





































































Scheme 3. Polyaddition of bifunctional amidine BMTHP and MBIT 
Table 1. Polyaddition of PDI and BMTHP 
Entry Solvent Additive Polymerization mixture Yield of 4 (%)a 
1 CH2Cl2 None Heterogeneous 96 
2 DMF None Heterogeneous 94 
3 DMF LiCl (1.0 equivalent)  Homogeneous 93 
a Acetonitrile-insoluble Parts.  
the solvents tested, even in a solution of lithium 
chloride in DMF. The obtained polymer 4 was 
subjected to differential scanning calorimetry 
(DSC). The resulting thermogram is shown in 
FIGURE S2. There was an exothermic peak at 
101 °C, which could be attributed to the 
dissociation of the zwitterionic structure in the 
main chain into the corresponding 
isothiocyanate and amidine moieties. A similar 
dissociation behavior of a relevant zwitterionic 
model compound was also suggested by its DSC 
analysis, where an exothermic peak was 
observed at 56 °C.15 
The abovementioned dissociation of the 
zwitterionic structure in the main chain would 
trigger the thermal decomposition of the 
polymer 4. The formed isothiocyanate moieties 
as well as those present at the chain ends of 4 
can be hydrolyzed to give the corresponding 
amino moieties. In order to confirm this 
decomposition process, polymer 4 was 
dispersed in DMSO and heated at 110 °C under 
air atmosphere with stirring for 2 h. Then, the 
resulting polymer was analyzed by FT-IR 
(FIGURE S1). The spectrum confirmed the 
disappearance of the absorption band at 
around 2100 cm-1 attributable to the 
isothiocyanate moieties. One of the possible 
ways to consume the isothiocyanate moieties, is 
via hydrolysis into the corresponding amines. 
To study the thermal decomposition behavior 
of the polymer 4, its thermogravimetric analysis 
(TGA) was carried out. FIGURE S3 shows the 
resulting TG thermogram. Below 200 °C, a 
gradual weight loss took place, suggesting the 
dissociation of the zwitterionic moieties, 
followed by the slow evaporation of the 
resulting components. In the case of the side 
chain-type zwitterionic polymer reported 
previously, this gradual weight loss was 
followed by a steep decrease in the residual 
weight above 200 °C due to the rapid 
evaporation of the released amidine. In 
contrast, in the case of the main chain-type 
zwitterionic polymer 4, the gradual weight loss 
continued until 260 °C, presumably due to the 
much less volatile nature of the bifunctional 
amidine. Above 260 °C, a steep decline of the 
residual weight was observed, where 
evaporation of the components as well as their 




































































As demonstrated above and in the previous 
report, polymers with zwitterionic moieties, 
side chain-type polymer 3 and main chain-type 
polymer 4, can be synthesized easily employing 
the addition reaction of amidines and 
isothiocyanates. To explore their applications as 
ionic polymers for solid polymer electrolytes in 
ion batteries, their AC impedances were 
measured. 
Since both the polymers became insoluble in 
various organic solvents after isolation, their 
solutions obtained just after the 
polymerizations in DMF in the presence of 
lithium chloride (1.0 eq) were directly applied to 
the cell and then dried under vacuum to obtain 
polymer films. Then, the AC impedances of the 
films were measured at 25 °C to obtain the 
Cole-Cole plots as shown in FIGURE S4. These 
plots allowed for the calculation of ionic 
conductivities of the films. The conductivities of 
“3 + LiCl” and “4 + LiCl” films were 8.29×10-6 
S/cm and 3.62×10-5 S/cm, respectively, 
demonstrating a four times higher ionic 
conductivity for polymer having zwitterions in 
the main chain, compared to that of the 
polymer with the zwitterionic structure in the 
side chain. 
In summary, a novel ionic polymer with 
zwitterionic structures in the main chain was 
synthesized based on the reaction of a cyclic 
amidine and isothiocyanate. As the monomer, a 
bifunctional cyclic amidine (BMTHP) was newly 
designed and synthesized and its polyaddition 
with 1,1’-methylenebis(4-
isothiocyanatobenzene) (MBIT) was performed. 
The obtained polymer 4 was insoluble in all 
organic solvents tested, confirming the 
presence of strong ionic interactions between 
the polymer chains. DSC analysis of 4 confirmed 
that the zwitterionic moieties in the main chain 
can dissociate above 110 °C. TGA of 4 clarified 
its higher thermal stability than that of 3, 
bearing analogous zwitterionic moieties in the 
side chain. In addition, the ion conductivity of a 
film of 4 + LiCl determined by AC impedance 
measurement was four times higher than that 




(MBIT) was prepared by a reported procedure 
in a literature.16 1,4-Bis(chloromethyl)benzene, 
1,3-diaminopropane, and N,N-
dimethylformamide dimethyl acetal were 
purchased from Wako Pure Chemical Industries 
Co., Ltd., and used as received. LiCl was 
purchased from Tokyo Chemical Industry 
(Tokyo, Japan) and used as received. N,N-
Dimethylformamide (DMF) was purchased from 
Wako Pure Chemical Industries Co., Ltd., dried 
over CaH, and distilled under reduced pressure 
prior to use. Dimethyl sulfoxide (DMSO) and 
dichloromethane were purchased from Wako 
Pure Chemical Industries Co., Ltd., and dried 
over MS4A.  
Measurements 
Nuclear magnetic resonance (NMR) spectra 
were recorded on JEOL JME-ECS 400 instrument 
(JEOL, Tokyo, Japan) using tetramethylsilane 
(TMS) as an internal standard (400 and 100 MHz 
for 1H NMR and 13C NMR, respectively). The 
chemical shifts, δ, and coupling constants, J, are 
given in parts-per-million (ppm) and hertz, 
respectively. Fourier transform infrared (FT-IR) 
spectra were recorded on a Thermo Scientific 
Nicolet iS10 instrument (Tokyo, Japan) 
equipped with a Smart iTR diamond ATR 
sampling accessory in the range of 4000−500 
cm−1, and the band positions are reported in 
wavenumber (ν, cm-1). The differential scanning 
calorimetry (DSC) analysis and 
thermogravimetric analysis (TGA) were 
performed on an EXSTAR TG/DTA 6200 and a 
SEIKO EXSTAR6000 (Seiko Instruments Inc.) 
instruments, respectively. Ion conductivity in 
plane direction of the membrane was 
determined using an electrochemical 
impedance spectroscopy technique over the 




































































A two-point-probe conductivity cell with two 
platinum plate electrodes was fabricated. The 
cell was placed under a temperature-controlled 
humid chamber. Ion conductivity (σ) was 
calculated from 
σ = d / (LswsR) 
where d represents the distance between the 
two electrodes, Ls and ws represent the 
thickness and width of the membrane, 




To a solution of 1,4-bis(chloromethyl)benzene 
(1.75 g, 10 mmol) in anhydrous CH2Cl2 (60 mL), 
1,3-diaminopropane (8.3 mL, 60 mmol) was 
added at 0 °C under nitrogen. After stirring the 
solution for 24 h at 0 °C, the volatiles were 
removed in vacuo and the resulting residue 
(2.64 g) was dissolved in anhydrous toluene (11 
mL). N,N-dimethylformamide dimethyl acetal 
(2.53 mL, 24.2 mmol) was then added at 
ambient temperature under nitrogen, followed 
by stirring at 80 °C for 24 h. The volatiles were 
removed in vacuo and the residual solid was 
crystalized from toluene to obtain BMTHP (1.51 
g, 5.6 mmol, 56%) as a white solid: 1H NMR 
(CDCl3): δ = 7.22 (s, 4H, Ph), 7.18 (s, 2H, N-
CH=N), 4.22 (s, 4H, >N-CH2-Ph), 3.32 (t, J = 5.6 
Hz, 4H, =N-CH2-CH2-), 3.04 (t, J = 5.6 Hz, 4H, -N-
CH2-CH2-), 1.82 (quin, J = 5.6 Hz 4H, -CH2-CH2-
CH2-). 13C NMR (CDCl3): δ = 149.44, 137.05, 
127.61, 55.14, 42.76, 42.04, 30.69, 20.75 IR 
(neat): ν = 2964, 2921, 2854, 1663, 1512, 1474, 
1456, 1443, 1411, 1395, 1349, 1316, 1236, 
1224, 1206, 1186, 1101, 1049, 1016, 986, 951, 
924, 888, 870, 840, 808, 756, 728 cm−1. HRMS 
(EI+): calcd for C16H22N4: 270.1845, Found: 
270.1842. 
Polyaddition of MBIT and BMTHP 
To a Schlenk flask containing MBIT (17 mg, 0.06 
mmol), LiCl (5 mg, 0.12 mmol), and anhydrous 
DMF (0.5 mL), BMTHP (16 mg, 0.06 mmol) was 
added at 0 °C under nitrogen. After stirring for 
12 h at ambient temperature, the mixture was 
added to an excess amount of CH3CN. The 
resulting precipitates were collected by 
filtration with suction and dried in vacuo to 
obtain 4 (30 mg, 93 %): IR (neat): ν = 2962, 
2082, 1655, 1601, 1536, 1500, 1419, 1351, 
1313, 1259, 1200, 1080, 1016, 991, 932, 898, 
860, 794, 726, 698 cm-1. 
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FIGURE S2. DSC heating scan of poly(PDI-BMTHP). 
 
 







FIGURE S4. Cole-Cole plots for (3 + LiCl) (a) and (4 + LiCl) (b). The solid lines correspond to 













































Akira Yamauchi, Atsushi Sudo, Takeshi Endo 
Polymer with Zwitterionic Structure in Main Chain via Polyaddition of Bifunctional Cyclic Amidine and 
Diisothiocyanate 
A polymer containing a zwitterionic form in the main chain was synthesized by the polyaddition of a 
bifunctional cyclic amidine with diisothiocyanate. The ion conductivity of a composite film consisted of 
the polymer and lithium chloride was evaluated by AC impedance measurements, demonstrating its 
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